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The ERK1/2 MAP kinase (MAPK) signaling pathway is important for the formation of long-
term memories. In this issue, Shimizu et al. (2007) provide new insight into the regulation of 
this pathway by demonstrating that activation of MAP kinase occurs through the calcium-
dependent degradation of SCOP (suprachiasmatic nucleus circadian oscillatory protein) by 
the protease calpain.Despite being constantly bombarded 
by new information, our brains man-
age to retain memories of past events. 
Tremendous efforts by numerous labo-
ratories have led to identification of 
many intracellular signaling pathways 
that respond to stimuli to cause synap-
tic remodeling and neuronal plasticity, 
which are necessary to acquire memo-
ries and make them last, preferably for a 
lifetime. Newly acquired memories are 
shaky and must be stabilized for long-
term storage. This process, termed 
memory consolidation, requires protein 
synthesis. Among the many biochemi-
cal pathways implicated in memory 
consolidation, the ERK1/2 mitogen-
activated protein kinase (MAPK) sign-
aling cascade is especially crucial for 
establishing long-term memory (see 
for example, Atkins et al. 1998; Schafe 
et al., 2000; Kelleher et al., 2004).
How ERK signaling is activated in 
neurons is well characterized (reviewed 
by Thomas and Huganir, 2004). Activ-
ity-dependent increases in the con-
centration of intracellular calcium 
ions—mediated by NMDA-type gluta-
mate receptors or voltage-gated cal-
cium channels—are thought to trigger 
a chain of molecular events resulting in 
elevated amounts of the GTP bound, 
active form of the small GTPase, 
Ras. Ras-GTP promotes activation of 
ERK1/2, which then phosphorylates 
and activates several transcription 
factors, including the cAMP response 
element (CRE) binding protein (CREB). 
CREB promotes transcription of genes 
required for persistent synaptic modifi-cations, providing a likely cellular sub-
strate of learning (Kandel, 2001). Acti-
vation of the Ras-ERK pathway may 
also promote AMPA receptor traffick-
ing and enhance surface expression of 
these receptors at synapses, thus con-
tributing to long-term synaptic plastic-
ity (Zhu et al., 2002) and, perhaps, to 
memory acquisition. However, many 
aspects of Ras-MAPK-mediated signal 
transduction in the context of memory 
processes remain murky. The exciting 
study by Shimizu et al., (2007) in this 
issue reveals a new regulatory mecha-
nism of MAPK-dependent signaling in 
the mammalian brain.
Previously, Shimizu and colleagues 
(2003) observed that SCOP (the 
suprachiasmatic nucleus circadian 
oscillatory protein) interacts with a Ras 
isoform, K-Ras, and suppresses depo-
larization-induced activation of ERK1/2 
MAP kinase. SCOP was discovered 
in a survey for genes expressed in 
the hypothalamic suprachiasmatic 
nucleus (SCN) in a circadian manner. 
SCOP is also expressed throughout 
the brain, including the hippocampus, 
but its activity does not undergo circa-
dian oscillations outside the SCN. The 
leucine-rich repeat domain of SCOP 
binds to GTP-free Ras, thus trapping 
Ras in a nucleotide-free state, thereby 
inhibiting its activation (Shimizu et al., 
2003). The authors extend their previ-
ous findings to show that upon over-
expression, SCOP prevents activation 
of the Ras-MAPK cascade and also 
inhibits CRE-mediated transcription 
induced by the neurotrophin BDNF in Cell 128, Mcultured hippocampal neurons. Con-
sistent with its inhibitory function in 
CRE-mediated transcription, inhibition 
of endogenous SCOP expression by 
siRNA enhanced CRE-mediated tran-
scription both in BDNF-stimulated and 
nonstimulated neurons. Is this role of 
SCOP involved in neuronal plasticity 
and learning? To address this ques-
tion, the authors examined the fate 
of SCOP in response to plasticity-
inducing stimuli. SCOP was partially 
degraded in hippocampal neurons 
following treatments enhancing intra-
cellular calcium ion concentration. In 
addition, cultured cortical neurons 
also showed decreased SCOP levels 
in response to stimulation by BDNF, 
NMDA, or KCl-evoked membrane 
depolarization. Thus, the regulatory 
mechanism controlling SCOP levels is 
not restricted to the hippocampus.
How is SCOP degraded in response 
to neuronal activity? Using selective 
pharmacological agents, Shimizu et 
al. (2007) determined that calcium-
induced SCOP degradation in neurons 
was mediated by the calcium-stimu-
lated protease calpain. Calpain inhibi-
tion caused a decrease in the stimu-
lation-triggered activation of MAPK. 
Thus, a calpain-mediated decrease in 
SCOP levels is required for activity-
dependent activation of the Ras-MAPK 
cascade. Shimizu et al. (2007) revealed 
the importance of this mechanism in 
learning by demonstrating that a form 
of hippocampus-dependent learn-
ing was accompanied by a decrease 
in SCOP and by a parallel increase in arch 23, 2007 ©2007 Elsevier Inc. 1029
ERK activity. Furthermore, both 
the learning-induced downregula-
tion of SCOP and upregulation of 
ERK were blocked by the injection 
of calpain inhibitors into the CA1 
hippocampal region.
Given that SCOP is a negative 
regulator of the Ras-MAPK signal-
ing pathway, the authors explored 
whether SCOP might play a role in 
memory. To test this notion, they 
analyzed genetically modified 
mice overexpressing SCOP in the 
forebrain. SCOP overexpression 
inhibited ERK activation associ-
ated with learning and resulted 
in the impairment of long-term 
memory for novel objects; short-
term memory, assayed immedi-
ately after behavioral training, was 
normal. However, it appears that 
the regulatory action of SCOP on 
memory might be specific to par-
ticular forms of learning, because 
contextual fear conditioning 
(another form of hippocampus-
dependent learning in which the 
MAPK signaling cascade has 
been implicated) was unaffected 
by SCOP overexpression. It is an 
open question whether regula-
tion of the Ras-MAPK pathway by 
SCOP is a general phenomenon in 
long-term memory. To answer this 
question it will be necessary to 
study hippocampus-independent 
forms of memory that also involve 
MAPK signaling. It remains to be 
clarified how the specificity of 
SCOP’s ability to control memory 
consolidation might be achieved. 
The particular behavioral paradigm 
used by Shimizu et al. (2007), the rec-
ognition of novel objects, implicates 
several different regions of the brain 
in addition to the hippocampus. Most 
notably, a recent study has demon-
strated that consolidation of object 
recognition memory may depend on 
activity in the perirhinal cortex (Win-
ters and Bussey, 2005). Nevertheless, 
the ability of calpain inhibitors, bilater-
ally injected in the CA1 hippocampal 
region in control mice, to block mem-
ory for novel objects emphasizes the 
role of calpain-triggered SCOP deg-
radation in the hippocampus in the 
mechanisms of long-term memory. 1030 Cell 128, March 23, 2007 ©2007figure 1. Activity-Dependent Activation of the 
Ras-MAPK Pathway in Memory formation 
Afferent inputs cause activation of NMDA glutamate re-
ceptors (NMDAR) and voltage-gated calcium ion chan-
nels (VGCC), leading to Ca2+ influx in hippocampal neu-
rons. This increase in intracellular Ca2+ concentration 
results in activation of the calcium-stimulated protease 
calpain. Calpain-mediated degradation of SCOP, a pro-
tein that prevents K-Ras activation in the absence of 
stimuli, may lead to activation of the Ras-MAPK path-
way, resulting in activation of CREB and CRE-depend-
ent transcription and subsequent expression of genes 
important for long-term memory formation. ElsMore generally, these findings suggest 
the interesting possibility that memory 
consolidation could be regulated by 
specific subregions of the brain.
There are two isoforms of calpain in 
the brain, calpain I and II, which differ 
mainly in calcium sensitivity, requir-
ing calcium ion concentrations in 
the micromolar and millimolar range, 
respectively, for their activation. Cal-
pain has been implicated in numerous 
cell biological and physiological proc-
esses, including long-term potentia-
tion and memory formation, and it has 
multiple substrates (e.g., ion channels, 
receptors, kinases, and cytoskeletal 
proteins). Calpain may also be subject evier Inc.to activity-dependent regulation, 
and if so, characterizing the path-
ways that control its activation and 
abundance will further our under-
standing of its function in the brain. 
Excessive activation of calpains 
has been linked to certain patho-
logical conditions such as those 
observed in Alzheimer’s disease. 
Given the relative lack of calpain 
target specificity, its role in learn-
ing mechanisms implicating the 
calcium-dependent proteolysis 
of SCOP is truly remarkable. The 
new work supports the notion that 
spatiotemporal characteristics of 
activity-induced intraneuronal cal-
cium ion influx may determine the 
specificity of signaling pathways 
and the extent of their activation 
(Wu et al., 2001) in the neural cir-
cuits of learned behavior. Shimizu 
et al. (2007) have added a new 
dimension to our current knowl-
edge of how memories become 
long lasting (Figure 1). Although 
many questions remain, this study 
extends our understanding of the 
essential molecular mechanisms 
underlying memory retention.
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